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Studies of Erebus volcano’s active lava lake have shown that many of its observable properties (gas
composition, surface motion and radiant heat output) exhibit cyclic behaviour with a period of ∼10 min.
We investigate the multi-year progression of the cycles in surface motion of the lake using an extended
(but intermittent) dataset of thermal infrared images collected by the Mount Erebus Volcano Observatory
between 2004 and 2011. Cycles with a period of ∼5–18 min are found to be a persistent feature of the
lake’s behaviour and no obvious long-term change is observed despite variations in lake level and surface
area. The times at which gas bubbles arrive at the lake’s surface are found to be random with respect
to the phase of the motion cycles, suggesting that the remarkable behaviour of the lake is governed by
magma exchange rather than an intermittent ﬂux of gases from the underlying magma reservoir.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).1. Introduction
Persistently active lava lakes are a spectacular but rare form
of open-vent volcanism found at only a handful of volcanoes
around the world. An active lava lake is the exposed top of a
volcano’s magmatic plumbing system. Longevity of such lakes has
been argued to reﬂect either effective transfer of magma between
the lake and the deeper system (e.g. Oppenheimer et al., 2004;
Francis et al., 1993), or a supply of gas bubbles from depth
(Witham and Llewellin, 2006; Bouche et al., 2010). It can be shown
experimentally that processes occurring at depth will manifest
themselves at the surface as changes in the lake’s behaviour, for
example its surface level (Witham et al., 2006) or gas ﬂux (Divoux
et al., 2009). It follows therefore, that observations of lake prop-
erties can yield valuable insights into the processes occurring at
depth in the magmatic system, where direct measurements are
not possible. This link with the deeper magmatic system makes
the study of active lava lakes (sensu Tilling, 1987) of particular im-
portance.
Erebus is a 3794-m-high stratovolcano located on Ross Island,
Antarctica. It is often claimed to be the southernmost active vol-
cano in the world and is known to have hosted an active phonolite
lava lake since at least 1972 (Giggenbach et al., 1973). Although
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the main, “Ray” lake, has been a permanent feature of the crater
throughout (with the notable exception of 1984–1985 when it was
buried following sustained explosive eruptions) (Kyle et al., 1990).
The stable convective behaviour of the Erebus lava lake is punc-
tuated by intermittent (De Lauro et al., 2009) Strombolian erup-
tions associated with the rupture of large (decametric) gas bubbles
at the lake surface (Dibble et al., 2008; Gerst et al., 2013). Phases
of increased and more intense Strombolian activity (several explo-
sions per day, with ejecta escaping the main crater) recur, lasting
1–10 months and are followed by more extended intervals dur-
ing which gas bubble bursts are less frequent and of a smaller
size (a few explosions per week, with all ejecta being conﬁned
to the crater – see for example Jones et al. (2008)). The chemi-
cal and mineralogical composition of erupted lavas has remained
constant for approximately 17 ka and the abundance of unusu-
ally large anorthoclase crystals is indicative of sustained shallow
magma convection throughout this period (Kelly et al., 2008). In-
deed, the presence of such large crystals may be a signiﬁcant
inﬂuence on the behaviour of the shallow convection at Erebus
(Molina et al., 2012). Other properties of the lake also demonstrate
remarkably consistent long-term behaviour, for example SO2 ﬂux
(Sweeney et al., 2008) and radiant heat output (Wright and Pilger,
2008).
On shorter time scales, many of the lake’s properties exhibit
a pronounced pulsatory behaviour. Oppenheimer et al. (2009) ob-
served that the radiative heat loss, surface velocity and certainunder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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The cycles appeared to be phase locked with each other, sug-
gesting a common mechanism was responsible for the oscillations
in each property. Evidence of similar cyclicity has also been ob-
served in the SO2 ﬂux (Boichu et al., 2010), and the H2/SO2 ratio
(Moussallam et al., 2012), but these have yet to be linked deﬁni-
tively to the cycles observed by Oppenheimer et al. (2009).
One possible explanation for the observed behaviour is pul-
satory exchange ﬂow of hot, degassing magma into the lake from
the subjacent conduit. It has been shown experimentally that given
two liquids ﬂowing in opposite directions in a vertical pipe (for
example driven by a density difference between them), under cer-
tain ﬂow conditions an instability occurs which results in a pulsed
ﬂow (Huppert and Hallworth, 2007). Oppenheimer et al. (2009)
suggested that such behaviour may explain the cycles at Erebus
volcano, with bubbly and degassing, low density magma rising up
the conduit into the lake whilst degassed, denser magma sinks
back down the conduit again. The resulting pulsatory ﬂow deliv-
ers packets of fresh magma into the lake quasi-periodically, giving
rise to the observed cycles in lake properties. The period of the
cycles would be expected to reﬂect the rheological properties and
velocity of the bubbly ﬂow and geometry of the conduit.
The previous studies at Erebus have analysed only very short
time-series of data (circa 1 h), and no investigation of the long-
term behaviour of the cycles has yet been conducted. However,
thermal infrared (IR) images of the Erebus lava lake have been
collected almost every year since 2004 during the Mount Erebus
Volcano Observatory’s annual austral summer ﬁeld campaigns. Us-
ing a similar technique to that of Oppenheimer et al. (2009), we
have extracted mean surface speed estimates from the usable por-
tions of the now substantial IR dataset. Using the mean surface
speed as a proxy to assess the cyclicity of the lake motion, we
present an overview of its behaviour between 2004 and 2011 and
compare this to visible changes in the lake’s appearance. Using a
dataset recorded at higher time resolution in 2010, we identify
times when bubbles arrive at the surface of the lake and compare
this to the phase of the cycles.
Our speciﬁc aims are to identify the persistence (or otherwise)
of the cyclic behaviour within and between ﬁeld seasons; to search
for any variability in cycle length that might point to changes
in lake/conduit conﬁguration or rheological characteristics of the
magma; and to probe further the origins of the remarkable cyclic
behaviour of the lava lake. We also compare observations at Erebus
with those for other active lava lakes.
2. Summary of activity
In the following analyses, data from ﬁeld campaigns between
2004 and 2011 have been used. Although the general behaviour of
the lava lake at Erebus is fairly consistent from year to year, there
are some observable variations. It is therefore important to set the
results presented here within the context of the state of activity of
the lake during each of the respective ﬁeld campaigns.
During the 2004 ﬁeld season, there were two separate lava
lakes present in the crater (Calkins et al., 2008). By the 2005 ﬁeld
season, only the “Ray” lake remained (Davies et al., 2008), and no
additional lakes have since been observed. All data presented here
are from the “Ray” lake, and henceforth, we refer to it simply as
the lava lake.
Fig. 1 shows how the visible surface area of the lava lake has
changed throughout the period of study. Possible reasons for this
change are discussed in detail in Section 4. Despite the reduc-
tion in visible surface area from 2004 onwards, there have been
no other apparent changes in the behaviour of the lava lake. Sta-
ble convective behaviour has been maintained throughout. This is
characterised by the lateral migration of cracks in the lake’s crustFig. 1. Surface area of the Erebus lava lake by ﬁeld season (i.e. December of the year
shown). The areas have been estimated from a combination of terrestrial laser scan
data (Jones, 2013, Frechette and Killingsworth, pers. comm.) and rectiﬁed IR images.
across the surface. These typically move radially outwards from the
approximate centre of the lake, but more complex ﬂow patterns
with several “convection cells” and abrupt reversals of ﬂow direc-
tion are also common. Lobes of fresh lava are occasionally observed
to spread across the surface of the lake from upwelling regions,
and there is visible subduction of the surface crust at the down-
welling regions. These behaviours are all evident in the animation
provided in the supplementary material for the electronic version
of this manuscript.
Bubbles of a variety of sizes are observed to surface in the lake.
We describe bubbles as “large” if they result in signiﬁcant ejection
of material from the lake. Such bubbles (e.g. Fig. 8) are typically
10–30 m in diameter and cause a visible emptying of the lake.
We classify such events as being distinct from the far more fre-
quently occurring “small”, metre and sub-metre scale bubbles (e.g.
panel (d) in Fig. 5) which arrive at the surface of the lake, but do
not rupture violently.
A study of explosive events (due to large bubbles) between
2003–2011 using seismic data (Knox, 2012) shows that, with the
notable exception of the period from late 2005 to early 2007, their
frequency has remained fairly constant at a few per week, with
ejecta being entirely conﬁned to the crater. During 2005–2007
however, there were several explosions per day, often of suﬃcient
magnitude to propel ejecta out of the crater, the frequency of these
events then gradually declined and by the 2007 ﬁeld season the
lake had returned to its more typical level of activity.
3. Methodology
Fieldwork on Erebus volcano is limited to the austral sum-
mer, and typically takes place from late-November to early January.
Where we refer to a ﬁeld season by year, we are referring to the
year in which it began. The logistics involved in reaching the crater
rim, combined with frequent bad weather conspire to limit the
interval of IR image data acquisition to a few weeks each year.
The intervals of useful data are further reduced due to ﬂuctua-
tions in the IR transmission between camera and lava lake. When
the gas/aerosol plume is highly condensed (high relative humid-
ity) the IR transmission in the camera waveband is poor and the
images of the lake are of unusable quality. The latest IR camera
system, which was deployed in December 2012, is capable of year-
round operation (dependent on power) (Peters et al., 2014). The
data from this fully automated system will be analysed in future
work.
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All IR images of the Erebus lava lake used in this study
were recorded by tripod-mounted camera systems installed at the
Shackleton’s cairn site on the northern side of the Main Crater.
Three different IR camera systems have been used on Erebus since
2004. The ﬁrst of these was an Agema Thermovision 550 mid-
infrared (3–5 μm) camera, as described by Oppenheimer et al.
(2004), which acquired images with a 4 s time-step. The second
was a FLIR P25 camera equipped with a 72mm IR lens. This cam-
era has an uncooled 320× 240 element detector with a waveband
of 7.5–13 μm and a spatial resolution (instantaneous ﬁeld of view)
of 0.31 mrad. The low temperatures at the crater rim of Erebus
severely impacted the P25’s ability to write images to its compact
ﬂash card, and as a result the interval between successive images
varies between 8 and 20 s. The most recent IR camera model we
have employed is a FLIR SC645, with an uncooled 640 × 480 ele-
ment detector, waveband of 7.5–13 μm, and a spatial resolution of
0.69 mrad. Although the SC645 is capable of frame rates of up to
25 Hz, we have typically acquired images at 2 s intervals. It was,
however, operated with a 0.5 s time-step in acquisitions for a part
of the 2010 ﬁeld season and we have used these higher time res-
olution data for bubble event analysis (Section 3.5).
3.2. Data selection
Interruptions to the recording of IR images on Erebus are com-
mon. The Agema and P25 cameras both required their memory
cards to be changed regularly and equipment failure was frequent
due to the harsh operating conditions. These factors have resulted
in a segmented data set with many gaps. The ﬁrst step in data se-
lection was to split the data into groups of continuous acquisition
that contained no two images more than 40 s apart. Groups span-
ning less than one hour of acquisition were discarded. Subsequent
data processing was performed on a per group basis.
High winds at the summit of Erebus cause camera shake, po-
tentially introducing large errors into the velocity estimates calcu-
lated by the motion tracking algorithm. This problem is particularly
acute in data from the Agema and P25 cameras, which did not
have such stable tripod mounts as does the new SC645 system. At-
tempted stabilisation of the images in post-processing failed due
to the lack of distinctive stationary features in the images. Instead,
a simpler approach was followed, in which only periods of data
with little or no camera shake were analysed. Due to the large vol-
ume of available data, an automated routine for identifying such
periods was developed. This involved ﬁrst deﬁning the bounding
box of the lake in each image by thresholding the image at a pre-
determined level, and identifying the non-zero region. Images in
which the bounding box could not be found, or was unusually
small were rejected, as these characteristics point to poor visibil-
ity of the lake (typically caused by high relative humidity, blowing
snow, or rime-ice accumulation on the lens). The centre coordi-
nates of the bounding boxes were then assigned to clusters using
SciPy’s fclusterdata function (Jones et al., 2001). To reduce the run
time of the clustering algorithm, duplicate bounding box positions
were discarded before clusters were computed. Using the standard
deviation of the bounding box coordinates in each cluster as an in-
dicator of camera shake, the best clusters for each year (typically
with a standard deviation of <1.0 pixels) were selected. As a ﬁnal
check of data quality, the images in each cluster were compiled
into a video, which was then viewed to ensure good visibility of
the lake and minimal camera shake throughout.
3.3. Motion tracking
Since the focal plane of the thermal camera is not parallel to
the surface of the lava lake, perspective effects mean that eachpixel in the image represents a different distance in the plane of
the lake. To correct for this distortion, each image was rectiﬁed
before the motion tracking was carried out. The required transfor-
mation was calculated by matching points in the image to points
in a terrestrial laser scan of the lake. OpenCV’s (Bradski, 2000)
cvFindHomography function was then used to calculate the required
transformation matrix, and the cvWarpPerspective function used to
apply it (see Bradski and Kaehler, 2008). Correcting the images in
this way also accounts for any lens distortion. Terrestrial laser scan
data of the lava lake were only available for 2008 onwards. For
thermal images from earlier years, the homography matrix was
calculated from the viewing angle of the camera and the size of
the lake (which had been estimated with a handheld laser range
ﬁnder). Although this method neglects lens distortion, we expect
the effects to have little impact on the results obtained.
The signiﬁcant temperature contrast between the lake and the
surrounding crater causes problems for the feature tracking algo-
rithm. As the strongest feature in the image, the lake boundary
tends to dominate over the structure within the lake that we are
actually interested in. This issue can be overcome by masking the
regions outside of the lake with Gaussian-distributed white noise
with a mean and variance similar to that of the pixels within the
lake. Random noise is used rather than a ﬁxed value to prevent the
output of the bandpass ﬁlters used in the wavelet decomposition
from being exactly zero, as this causes the algorithm to fail.
The feature tracking algorithm itself is based on the Dual-Tree
Complex Wavelet Transform (DT-CWT) (Kingsbury, 2001). Unlike
the widely used Discrete Wavelet Transform (DWT) (see for exam-
ple Polikar, 2010), DT-CWT is approximately shift invariant, mean-
ing that shifts in input signal do not cause changes in energy dis-
tribution between wavelet coeﬃcients at different scales. Instead,
it is found that shifts in the input signal manifest themselves as a
phase shift between the wavelet coeﬃcients. By decomposing each
frame in a series of images using the DT-CWT and comparing the
phase shifts between the subimages, it is possible to estimate the
displacement ﬁeld that maps features in one frame to the next.
The estimate is ﬁrst made at a coarse level of decomposition, with
subsequent estimates made at ﬁner levels so as to reﬁne the result
(Magarey and Kingsbury, 1998). Oppenheimer et al. (2009) tuned
the method speciﬁcally for working with IR images from Erebus
volcano, and we adopted the same parameters for the motion es-
timation reported here. The algorithm was veriﬁed by passing in
sets of two identical images, one of which was shifted by a known
amount and checking that the shift was correctly detected. Further
veriﬁcation was achieved by comparing velocity estimates obtained
from the algorithm with visual estimates found by counting pixels.
Finally, the mean surface speed of the lake was found by aver-
aging the magnitudes of the computed velocity vectors. To avoid
possible edge effects, only velocity vectors from the central region
(at least 3 pixels inside the lake boundary) of the lake were in-
cluded in the averaging.
An animation showing results of the motion tracking methodol-
ogy described above (from rectiﬁed images to mean lake speed) is
provided in the supplementary material for the electronic version
of this manuscript.
3.4. Time-series analysis
As can be seen in Fig. 2, the mean surface speed time-series
obtained are highly non-stationary. To evaluate the periodic com-
ponents of the series with time, we therefore use a Morlet wavelet
transform to produce spectrograms of the data. Our implementa-
tion of the Morlet transform is the same as that of Boichu et al.
(2010). The mean speed data were interpolated to a uniform 1 s
time step prior to the Morlet transform using simple linear inter-
polation.
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show how an increase in period is accompanied by an increase in amplitude. The colour scales represent the Morlet transform modulus.As illustrated by the expanded regions in Fig. 2, some of the
∼5–18 min cycles are of much greater amplitude than others, and
will result in a very high modulus in the Morlet transform. Longer
time-series tend to exacerbate this problem, since they often con-
tain at least a few very high amplitude oscillations, which then
saturate the colour scale and mask much of the other detail. In this
way, the cyclicity of the lake may not be apparent even if it exists.
However, creating a spectrogram of just the data from the “non-
cyclic” time period, reveals that there are indeed still ∼5–18 min
period components present – they are simply of lower amplitude.
3.5. Bubbles
Bubbles breaking the surface of the lake manifest themselves as
sharp peaks in the mean surface speed time-series. The poor time
resolution of the Agema and P25 datasets mean that most bubbles
are not recorded. However, much of the SC645 data from 2010
was recorded at 2 Hz, which is more than suﬃcient to capture the
arrival of bubbles at the surface.
Bubble events were located in time by comparing the mean
speed time-series to a low-pass ﬁltered copy of itself. Bubbles were
classiﬁed as events where the speed was greater than 1.2 stan-
dard deviations above the low-pass ﬁltered value. The value of 1.2was chosen by comparing bubble events detected by the algorithm
to those located manually in a test set of data spanning three
hours. The analysis was conducted on a continuous time-series
of good quality data from 24 December 2010, spanning approxi-
mately 13 h. By visually inspecting the IR images corresponding
to each of the bubble events, we determined that all events were
small (metre-scale, with no ejection of material from the lake).
The bubble events detected are uniformly distributed in time.
However, this tells us nothing of how they are related to the pul-
satory behaviour of the lake. What is of real interest is how bubble
events relate to the phase of the speed cycles; for example, do
more bubbles surface during periods of fast surface movement?
In order to evaluate a possible relationship between the cyclicity
and bubble events we use the method of delays (e.g. Kantz and
Schreiber, 2003) to reconstruct our time-series data into a phase
space representation. If the bubble events are somehow correlated
to the phase of the speed cycles then we argue that their distri-
bution in phase space will differ from that of a random sample
taken from the time-series. We can imagine this as being due to
a clustering of bubble events at certain positions in phase space.
Details of the phase space reconstruction are given in Appendix A
where we show that in order to accurately represent our time-
series, a 4-dimensional phase space (embedding dimension of 4)
N. Peters et al. / Earth and Planetary Science Letters 395 (2014) 1–12 5Fig. 3. Top panel: time-series of mean lake surface speeds from 24 December 2010. Middle panel: the same data, low-pass ﬁltered to remove noise and spikes due to bubbles
and with bubble events marked. Bottom panel: low-pass ﬁltered data with the fake bubble events used for testing marked.is required. The data were low-pass ﬁltered prior to phase space
reconstruction to remove noise and the spikes due to bubbles.
The time-series analysed contains 141 bubble events (Fig. 3).
We compared the cumulative distribution function (CDF) of the
bubble events to a reference CDF in each of the phase space di-
mensions. The reference CDF is the CDF of the time-series itself.
As an indicator of the expected variation in CDFs, the standard de-
viation of 10,000 CDFs, each constructed from 141 points randomly
sampled from the time-series, was computed. A signiﬁcant varia-
tion of the bubble event CDF from that of the reference in any
of the dimensions, would indicate some correlation to the phase
of the cycle. Differences between CDFs were quantiﬁed using the
two-sample Kolmogorov–Smirnov test (K–S test). The computed
critical value for the K–S test at 90% conﬁdence (based on a refer-
ence sample size of 90 901, and a bubble event sample size of 141)
is 0.102.
To verify the technique, we created a set of 95 fake bubble
events located at the peaks of the mean speed cycles (Fig. 3). These
events were then subjected to the same analysis as the real bub-
ble events. The critical value for the K–S test at 90% conﬁdence is
0.125 for the fake bubble sample size of 95. As shown in Fig. 4,
the CDFs for the fake bubble events show a strong deviation from
that of the random samples in each of the phase space dimensions,
with K–S test results of 0.50, 0.15, 0.16 and 0.13 respectively (i.e.
all above the critical K–S value, suggesting the two samples came
from different distributions). Hence, the technique correctly identi-
ﬁed the correlation between the fake bubble events and the phase
of the speed cycles.
4. Results
The 2010 ﬁeld season was characterised by exceptional visibil-
ity of the lava lake. In addition to the IR images captured, several
short time-series of visible images were captured using a digital
SLR camera equipped with a telephoto lens. Fig. 5 shows a short
time-series of mean surface speed and mean surface temperature
data calculated from IR images, with visible images corresponding
to peaks and troughs in the speed also shown. There are no con-
sistent differences observed between the appearance of the lake
surface during periods of high speeds and periods of low speeds.Oppenheimer et al. (2009) found a strong correlation between
the phase of cycles in mean surface speed and radiative heat loss
in their data set. This correlation is further demonstrated by the
time-series shown in Figs. 5 and 6. Note however, that since we
have not attempted an accurate temperature calibration of the
IR images, we present mean surface temperatures normalised to
their maximum value. What is not clear from these data alone,
is whether the temperature variations observed are due to an in-
crease in the surface temperature of the lava in the lake, or an in-
crease in the area of cracks in the surface crust of the lake caused
by the increased motion (Oppenheimer et al., 2009). Additional
cracks will expose more of the underlying lava to the surface and
will therefore cause an increase in the mean temperature recorded
by the IR camera. Increased cracking during periods of higher sur-
face speed is not obvious in the images shown in Fig. 5, suggesting
that the changes in recorded temperature are indeed due to vari-
ations in the mean temperature of the lake surface. However, we
feel that a qualitative argument such as this is insuﬃcient to rule
out increased cracking as a cause.
In an attempt to identify more rigorously the reason for the
temperature cycles, we compared the histograms of the thermal
images at the minima and maxima of the cycles. If the cycles are
caused by an increase in surface temperature, then we would ex-
pect the histograms at the cycle maxima to be shifted relative to
those at the minima. If increased cracking is the cause, we would
expect more high temperature pixels, resulting in a skewing of
the histograms at the maxima compared to those at the minima.
Unfortunately, the results obtained were ambiguous, with greater
differences between histograms from the same point in the cycles
than found by comparing those at maxima to those at minima. The
cause of the measured temperature ﬂuctuations remains elusive,
however, it seems likely that they are caused by a combination of
both increased surface cracking and increased surface temperature.
It is important to realise that even if increased surface cracking
is insigniﬁcant, cycles in the surface temperature do not neces-
sarily reﬂect periodic variations in the internal temperature of the
lake itself. It is possible for example, that during periods of in-
creased surface motion the mean surface age of the lake is lower.
Younger crust is likely to be thinner, and hence the conductive heat
ﬂow through it will be larger, resulting in higher measured surface
6 N. Peters et al. / Earth and Planetary Science Letters 395 (2014) 1–12Fig. 4. The cumulative distribution functions (CDFs) in each of the four phase space dimensions for the bubble events (solid line) and fake bubble events (dashed line). The
x-axes represent the coordinates of the events in the corresponding phase space dimension, from the zero-lags dimension, V (t), up to the three-lags dimension, V (t − 3τ ),
where τ = 150 s (see Appendix A). The shaded region represents one standard deviation on either side of the reference CDF (i.e. the CDF of the mean speed data). Large
deviations from the reference CDF are indicative of a correlation with the phase of the speed cycles, as can be seen in the fake bubble data. The deviation from the reference
in the ﬁrst dimension (a) of the bubbles CDF is attributed to imperfect ﬁltering of the signal rather than a phase dependence.temperatures despite the bulk temperature of the lake remaining
static.
Fig. 6 shows a short time-series of mean surface speed and
mean surface temperature calculated from IR images captured in
2010. The pulsatory behaviour was particularly pronounced dur-
ing the period shown, and the waveform of the cycles is clear.
The peaks in speed and temperature are approximately Gaussian
in shape, with rising and falling edges that are symmetric about
the centre of the peak. The peaks tend to be shorter lived than
the troughs, suggesting a system with a stable baseline state that
is being perturbed, rather than a system that is oscillating about
a mid-point. There also appears to be a correlation between the
magnitude of the cycles and their period, with longer period cy-
cles having a greater amplitude. However, such a relationship is
not always observed, and there are many instances where the op-
posite is true.
Morlet spectrograms of the mean speed data from the 2007–
2011 ﬁeld seasons are provided as supplementary material to the
online version of this article. What is clear from the data is that
the cycles in speed are not strictly periodic. Instead, there tends
to be a broad range of periodic components present, centred at
around 900 s. However, these components appear to be fairly con-
sistent across the dataset and have not changed appreciably during
the period of study. Fig. 7 further illustrates this point, showing
the time average (normalised to have a mean of zero and standard
deviation of one) of the modulus of all the Morlet spectrograms
from each ﬁeld season. The general trend towards higher modu-
lus at longer periods is due to the fact that long period variations
in mean speed tend to be of greater amplitude than short period
variations (as is typical for most time-series data from natural sys-
tems). Despite this, the broad peak around 900 s is evident in the
data from the 2007–2011 ﬁeld seasons. The time-series from the2004 and 2006 ﬁeld seasons were of insuﬃcient duration to allow
analysis for long period behaviour, and as a result do not show the
same behaviour as the other years.
It is unfortunate that during the 2005 and 2006 ﬁeld seasons,
which covered the period of increased explosive activity, IR data
were either not collected at all, or are of insuﬃcient length to
compare to other years. However, as shown in Fig. 8, the pulsatory
behaviour of the lake appears to be unperturbed by large bubble
bursts. The ﬁgure shows a short time-series of mean surface veloc-
ity data from 29–30 December 2010, during which a large (∼30 m)
bubble arrived at the surface of the lake. Despite a signiﬁcant ejec-
tion of material from the lake, the mean speed data show that
the pulsatory behaviour appears to be uninterrupted on timescales
greater than that of lake reﬁll (several minutes). It is interesting
to note that at the time of the explosion, the Morlet spectrogram
shows a particularly strong periodic component at ∼1000 s. We
believe that this may be caused by increased surface speeds in the
build-up to the explosion and also during the recovery phase as
the lake reﬁlls. The IR images show that the lake level rises rapidly
immediately prior to a large bubble reaching the surface, likely
causing an increase in the recorded surface speed. Rapid ﬂow of
lava into the lake during the reﬁll phase of an explosive event is
also likely to cause elevated surface speeds.
In addition to the apparent stability of cycles in surface speed,
the magnitude of the surface speed has also remained approxi-
mately unchanged since 2004. Although the mean surface speed
can exhibit considerable variability (∼3–20 cms−1) on a timescale
of days, no systematic change was observed over the period of
study.
Whilst the behaviour of the mean surface speed has remained
remarkably stable, the visual appearance of the lava lake has
changed signiﬁcantly. Fig. 1 shows how the surface area of the lake
N. Peters et al. / Earth and Planetary Science Letters 395 (2014) 1–12 7Fig. 5. Time series of mean lake surface speed and mean surface temperature (arbitrary units) from 17 December 2010 calculated from images captured with the P25 IR
camera, with photographs showing the appearance of the lake surface at periods of high surface speed (a, b) and low surface speed (c, d). There is no distinct difference
between the appearance of the lake surface during periods of high or low surface motion. Note that in (d), a small gas bubble can be seen just reaching the surface. Note
that the bubble does not appear as “shot noise” in the speed data because of the poor time resolution of the P25 camera. The lake is approximately 40 m across its long axis.
Fig. 6. Short time-series of mean surface velocity and mean surface temperature data from 21–22 December 2010 calculated from images acquired with the SC645 camera. We
have not attempted to retrieve accurate temperatures from the images, and instead report unitless temperature values normalised by the maximum value in the time-series.
The pulsatory behaviour is particularly clear during this period, and the symmetry of the peaks in time (i.e. about their horizontal centre) is evident.(calculated from IR images and terrestrial laser scan data) has de-
creased since the ﬁrst measurements in 2004. Overall the surface
area has reduced by a factor of approximately four. The terrestrial
laser scan data also show that since at least 2008 (when the ﬁrst
such data were recorded), the decrease in area has been accompa-
nied by a 3–4 m per year drop in the lake’s mean surface elevation
(Jones, 2013, Frechette and Killingsworth, pers. comm.). The dra-
matic reduction in surface area cannot be accounted for by the
drop in surface elevation (i.e. due to the lake receding into a con-
ical basin) since the lake walls are observed (from terrestrial laserscan data and visual observations) to have a near-vertical proﬁle. It
seems likely therefore, that the observed decrease in surface area
is due to a change in the geometry of the lake basin, either due to
accretion of lava onto its sides, or deformation of the surrounding
rock. The apparent lack of inﬂuence of lake geometry on the cyclic
behaviour would tend to suggest that the cycles are driven by pro-
cesses occurring in the magma conduit or a connected reservoir
rather than in the lake itself.
Fig. 4 shows the cumulative distribution functions (CDFs) of the
bubble events, and fake bubble events, in each of the four phase
8 N. Peters et al. / Earth and Planetary Science Letters 395 (2014) 1–12Fig. 7. Normalised time averages of the Morlet transform modulus of all available
data from each ﬁeld season. The data from each year have been vertically offset
from each other for clarity. A broad peak corresponding to the period of the lake
cycles (∼900 s) is evident in the 2007–2011 data. The time-series from the 2004
and 2006 ﬁeld seasons were of insuﬃcient length to be able to resolve long period
ﬂuctuations.
space dimensions. The shaded areas delimit one standard deviation
on either side of the reference CDFs. As discussed in Section 3.5,
the CDFs for the fake bubbles show a strong deviation from the
reference, correctly identifying the correlation between the phase
of the speed data and the fake bubble events. In contrast, the CDFs
for the real bubble events are very similar to the reference in all
but the ﬁrst dimension. The K–S test gives values of 0.15, 0.05, 0.07
and 0.06 for the four dimensions, respectively. Apart from the ﬁrst
dimension, these are all below the critical K–S value at 90% conﬁ-dence (0.102), indicating that the bubble events are from the same
distribution as the speed data itself and that there is, therefore, no
correlation between the phase of the speed cycles and the bubbles.
In the ﬁrst dimension, the CDF of the bubble events appears
to be the same shape as that of the mean speed data, but shifted
slightly to the right (higher mean speed). We believe that this is
caused by the failure of our low-pass ﬁltering to remove fully the
spikes caused by bubble events in the mean speed data, rather
than any correlation with the phase of the cycles. As a result,
bubble events appear to occur at slightly higher speeds than they
actually do, shifting the CDF to the right. We tested this hypothe-
sis by plotting the CDF of 141 randomly selected points from the
speed data with a linear offset of 0.002 ms−1 added. The results
showed a CDF that matched that of the mean speed data in all
dimensions except the ﬁrst, which showed a linear offset to the
right as expected. We therefore conclude that the bubble events
are not correlated to the phase of the velocity cycles and that the
deviation we observe in the ﬁrst dimension is due to the low-pass
ﬁlter’s inability to remove completely the effects of bubble events
from the underlying mean speed signal.
5. Discussion
A common conclusion of multi-year studies conducted at Ere-
bus volcano is that its behaviour is remarkably stable. Observa-
tions of radiant heat output (Wright and Pilger, 2008), SO2 ﬂux
(Sweeney et al., 2008) and seismicity (Aster et al., 2003) have all
found very little variation during the past decade. Our ﬁndings that
the pulsatory behaviour of the lava lake has been a persistent and
unchanging feature (both on a daily and a yearly time-scale) since
at least 2004 ﬁt well with these previous ﬁndings and further em-
phasise the remarkable stability of Erebus’s magmatic system. The
preservation of cycles in surface speed despite large perturbations
to the system (decametric bubble bursts) is indicative not only of
the stability of the responsible mechanism, but also that it is likelyFig. 8. A 5 h time-series of mean surface speed data from the 29–30 December 2010 calculated from images acquired with the SC645 camera and the corresponding Morlet
spectrogram. The IR images above show the state of the lake before, during and after a large (∼30 m) bubble burst. Cycles of between ∼600–1100 s are visible across the
time-series both in the Morlet spectrogram and in the mean speed data. The strong ∼1000 s signal in the spectrogram corresponding to the explosion itself may be caused
by elevated speeds due to the rising of the lake level prior to the explosion and the subsequent reﬁlling of the lake afterwards.
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ther supported by the consistency of the motion cycles despite a
reduction in the area of the lava lake, exposed at the surface, over
the period of observation.
The broad width of the peak in the spectrograms that we ob-
serve is consistent with the ﬁndings of Oppenheimer et al. (2009)
who found the period of the ﬂuctuations in mean lake speed to
vary between ∼5–18 min for the 2004 dataset. Although short
sections of our data appear to contain several discrete frequency
bands within this range, such ﬁne scale structure is never observed
consistently over time periods of more than a few hours. No clear
pattern to the variation of the period of ﬂuctuations measured is
evident from the spectrograms. However, it is important to con-
sider how well the mean speed of the lake surface represents the
underlying process responsible for the pulsatory behaviour. Even if
this process contains well deﬁned, discrete periods, complex ﬂow
dynamics and other forcing mechanisms (such as thermal convec-
tion within the lake) may result in a highly non-linear response in
the surface speed. It is possible that the broad distribution in pe-
riod of the cycles in speed observed is due to the complex coupling
between a periodic driving mechanism and the dynamics of the
bubbly ﬂow within the lake. Given the correlation between surface
motion and gas composition ratios (which must have different cou-
plings to the driving mechanism) reported by Oppenheimer et al.
(2009), we believe that the variability in period stems primarily
from the variability in the underlying driving mechanism.
Current theories on driving mechanisms for lava lake ﬂuctua-
tions can be grouped into three main categories; (i) instability in
density driven, bi-directional ﬂow of magma in the conduit feed-
ing the lake (Oppenheimer et al., 2009), (ii) “gas pistoning” caused
by gas accumulation either beneath a solidiﬁed crust on the sur-
face of the lake (Patrick et al., 2011) or as a foam layer at the
top of the lava column (Orr and Rea, 2012), and (iii) gas bubble-
driven pressurisation changes (Witham et al., 2006). In the latter
mechanism, the (uni-directional) upﬂow of bubbly magma in the
conduit is interrupted by excess hydrostatic pressure in the lake.
Stagnation of the ﬂow allows bubbles in the conduit to coalesce
into large gas slugs that rise to the surface independently of the
melt. The loss of large gas slugs at the surface of the lake causes
an increase in pressure at the base of the conduit. If this exceeds
the pressure in the magma chamber then downﬂow occurs, sup-
pressing the ascent of bubbles in the conduit. As the lake drains,
the downﬂow reduces until it can no longer suppress the ascent
of bubbles, and the cycle repeats. Witham et al. (2006) were able
to demonstrate this mechanism by bubbling air through a water
column with a basin attached to the top to represent the lake.
They observed cyclic variations in the depth of water in the basin,
consisting of a logarithmic increase in depth followed by a rapid,
linear decrease.
As shown by Orr and Rea (2012), gas pistoning, as observed
at Kı¯lauea, is also an asymmetric process, consisting of a rela-
tively slow, cumulative deviation from the baseline state of the
system as bubbles are trapped in the foam layer or beneath the
solidiﬁed crust, followed by a sudden release of the accumulated
gas and rapid return to the baseline state. The temporal symme-
try of the perturbations in the Erebus lava lake is not consistent
with either of these mechanism. It may be argued that the com-
plex geometry of the upper magmatic system of Erebus could lead
to a more symmetric variation than observed by Witham et al.
(2006) and Orr and Rea (2012). However, our ﬁnding that the ar-
rival of small (metre-scale) bubbles at the surface of the lake is
uncorrelated with the phase of the speed cycles is only consis-
tent with the bi-directional ﬂow mechanism. Both bubble-driven
mechanisms require a periodic release of bubbles prior to lake
draining and, in the case of the Witham et al. (2006) mechanism,
a signiﬁcant decrease in the number of bubbles during lake drain-ing. Large (decametric) bubbles, typically occur at Erebus only a
few times per week, and cannot therefore be responsible for the
∼5–18 min cycles. Since no periodic release of small bubbles is
observed either (visually e.g. Fig. 5, or statistically Fig. 4), we argue
that the pulsatory behaviour of the lava lake at Erebus volcano is
driven by magma exchange between a shallow magma chamber
(Zandomeneghi et al., 2013) and the lake via bi-directional ﬂow in
the connecting conduit.
It is interesting to note that, on average, bubble events in the
data presented in Fig. 3 occur every 5.5 min. This is comparable to
the cycles in surface speed, which range from ∼5–18 min in pe-
riod. However, given that some cycles occur without any bubbles
surfacing (e.g. 09:00–09:15 in Fig. 3) and given the random distri-
bution of bubbles with respect to the phase of the cycles (Fig. 4),
we believe the similarity in timescales to be coincidental.
Pulsatory behaviour deriving from bi-directional ﬂow in a con-
duit has been demonstrated for single-phase systems using two
ﬂuids of different densities (Huppert and Hallworth, 2007). How-
ever, any exchange of magma occurring at the Erebus lava lake
will clearly be multi-phase, and its dynamics will be inﬂuenced not
only by the presence of gas bubbles but also by the large anortho-
clase crystals which constitute 30–40% of the melt volume (Kelly
et al., 2008). Indeed, numerical simulations of the Erebus magmatic
system indicate that the inclusion of crystals has a very signiﬁcant
effect on the ﬂow dynamics (Molina et al., 2012). While it is likely
that gas bubbles play an even more signiﬁcant role than the crys-
tals, a complete multi-phase ﬂow model of the Erebus system is
not yet available. Whilst it is possible that the dynamics observed
by Huppert and Hallworth (2007) may not be applicable to a com-
plex multi-phase system such as that at Erebus, the lack of com-
pelling evidence for an alternative mechanism leads us to conclude
that instability associated with density-driven bi-directional ﬂow is
the most likely explanation for the observed cyclic behaviour. As
noted by Oppenheimer et al. (2009), the density contrast driving
the ﬂow is likely to result primarily from magma degassing.
Bouche et al. (2010) observed that bubbles in the lava lake at
Erta ‘Ale volcano may be trapped beneath the cooled crust at the
surface of the lake and forced to travel laterally until they en-
counter a crack in the crust before they can surface. If such a
process were also occurring in the Erebus lake, then it would inval-
idate our comparison of the bubble events to the cycles in surface
speed. The variable duration of lateral migration of bubbles would
prevent any direct comparison of the timings of the bubble events
and the phase of the cycles, since it would tend to randomise their
arrival at the surface. However, it can be observed in the IR images
that even small bubbles (1 m in diameter) break the surface of
the Erebus lake in areas with no visible cracks. We do not therefore
believe that the crust on the Erebus lake inhibits bubble ascent,
nor that it causes signiﬁcant lateral displacement of bubbles. These
differences likely reﬂect the contrasting rheologies of the magmas
involved, which in turn reﬂect the differences in composition, tem-
perature, viscosity and crystal content.
In our analysis of the correlation of bubble events to lake cy-
cles (Section 3.5), we have only looked at small bubbles in detail,
since the dataset did not contain any large events. Small bubbles
may be sourced within the lake itself, whereas large (decametric,
causing ejection of material out of the lake) bubbles are thought
to have originated at greater depths (Oppenheimer et al., 2011;
Burgisser et al., 2012). It is possible that the passage of large bub-
bles through the conduit may perturb the bi-directional ﬂow of
magma, causing variations in the period of lake surface speed ﬂuc-
tuations. Although no such variation was observed in Fig. 8, we do
not believe this to be suﬃcient evidence to discount such a pos-
sibility. Since the arrival of large bubbles is relatively infrequent,
a time-series spanning several months would need to be anal-
ysed to achieve a statistically signiﬁcant sample size with which to
10 N. Peters et al. / Earth and Planetary Science Letters 395 (2014) 1–12Fig. A.9. Phase space reconstruction of a simple time-series using the method of delays. The original time-series is shown in the left hand plot and the phase space
reconstruction using a lag of τ and an embedding dimension of 2 is shown in the right hand plot. Samples from the time-series (e.g. t1 and t2) are mapped to phase space
by plotting them against the value of the time-series one lag prior to their sample time.investigate possible effects of large bubbles on the lake’s motion.
We are presently working on an autonomous camera installation
on Erebus that we hope can provide such data (Peters et al., 2014).
6. Conclusions
We have reported an analysis of thermal infrared image data
of the active lava lake at Erebus volcano that spans seven ﬁeld
campaigns from 2004–2011. In total 370,000 useful images were
acquired representing 42 “ﬁeld days” of observations and spanning
contiguous observations of up to 44 h duration. The images were
analysed using a feature-tracking algorithm to determine surface
motion vectors from which the mean speed of the surface of the
lake was derived, and this parameter used to monitor the lake’s
pulsatory behaviour. Shot noise in the mean-speed data was found
to indicate bubbles arriving at the surface of the lake, allowing an
analysis of the timings of bubble events with respect to the phase
of the surface speed cycles.
Since 2004, the apparent size (surface area) of the Erebus lava
lake has decreased by a factor of four. Despite these changes in the
lake’s appearance, its pulsatory behaviour has remained constant
over the period of study, exhibiting cycles in mean surface speed
with periods in the range ∼5–18 min. Mean surface speeds are
typically between 3 and 20 cms−1. No obvious long-term progres-
sion of the cycles was observed. Surface speed time-series are not
symmetrical about their mean (the troughs in speed are broader
than the peaks), suggesting that the pulsatory behaviour is due to
intermittent perturbations of the system, rather than an oscillatory
mechanism.
Bubbles arriving at the surface of the lake show no correlation
to the phase of the surface speed cycles. We therefore conclude
that the pulsatory behaviour of the lake is associated primarily
with the ﬂow dynamics of magma exchange within the shallow
plumbing system rather than by a ﬂux of bubbles.
While we have analysed a substantially larger dataset than
Oppenheimer et al. (2009), we have still been limited by the inter-
mittent coverage. We hope that our recently-installed autonomous
thermal camera system will yield much more extended time-
series, facilitating investigations into the effect of large (decamet-
ric) bubbles on the pulsatory behaviour of the lake.
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Appendix A. Phase space reconstruction of mean speed time
series
A clear description of the method of delays for phase space
reconstruction is given by Kantz and Schreiber (2003) and also
by Richter and Schreiber (1998). We will therefore not attempt
to describe the technique in any detail here, instead we give the
speciﬁcs of how the parameters required for delay reconstruc-
tion were calculated for our time-series. Essentially, phase space
reconstruction of a time-series involves mapping each sample in
the series to a vector in phase space. For a scalar time-series
x1, x2, x3, . . . the method of delays can be used to calculate the cor-
responding phase space vectors xn = (xn, xn−l, xn−2l, . . . , xn−(d−1)l)
where l is known as the lag, and d is the embedding dimension.
Fig. A.9 shows an example of phase space reconstruction using the
method of delays with an embedding dimension of 2, and demon-
strates how points in the time-series are mapped into phase space.
Careful selection of both the lag and the embedding dimension
is of paramount importance to obtain an effective phase space re-
construction of the original time-series. Estimation of a suitable
lag for our data was performed using two different techniques.
The ﬁrst involved calculation of the autocorrelation function of the
time-series. The time required for the autocorrelation function to
decay by a factor of e is stated as being a reasonable estimate for
the lag (Kantz and Schreiber, 2003). For our data, this gave a lag
of 142 s. A second technique for lag estimation, also described by
Kantz and Schreiber (2003), is to ﬁnd the minimum of the mutual
information of the time-series. We calculated the mutual informa-
tion of our time-series using the TISEAN software package (Hegger
et al., 1998), and found the minimum to be at 200 s. We repeated
our bubble event analysis for several different values of lag be-
tween these two estimates and found no appreciable difference in
the results. The results presented in this paper are from the analy-
sis using a lag of 150 s.
To determine a good embedding dimension, we followed the
approach proposed by Hegger and Kantz (1999), in which the false
nearest neighbour method (Kennel et al., 1992) is combined with
N. Peters et al. / Earth and Planetary Science Letters 395 (2014) 1–12 11Fig. A.10. The fraction of false nearest neighbours (FNN) against the threshold value for embedding dimensions from 1 to 6 (top to bottom) and a lag of 150 s, for both the
real data (left hand plot) and a surrogate data series (right hand plot). The difference between the real and surrogate data shows that the reduction in FNN as we increase
the embedding dimension is not simply due to linear correlations in the data. For an embedding dimension of 4, the FNN fraction reduces very quickly for small threshold
values and there is little difference in behaviour compared to larger embedding dimensions. We therefore chose 4 as a suitable embedding dimension for our analysis.surrogate data tests. The false nearest neighbour method compares
the ratio of distances between points and their nearest neighbours
between an embedding dimension of n and n + 1. If the ratio is
greater than a threshold (s), the points are said to be “false neigh-
bours”. A high percentage of false nearest neighbours is indicative
of too low a choice for the embedding dimension. The TISEAN
software package was used both for the calculation of false near-
est neighbours and for the creation of surrogate data (Schreiber
and Schmitz, 1999). Fig. A.10 shows the calculated percentage of
false nearest neighbours for different embedding dimensions and
thresholds. There is a clear difference in behaviour between the
real data and the surrogate data. This indicates that the loss of
false neighbours as we move to higher embedding dimensions is
not simply due to linear correlations in the data. Furthermore, we
can see that, for an embedding dimension of 4, the percentage of
false nearest neighbours falls away very rapidly for low threshold
values. We therefore used 4 as our embedding dimension when
performing the phase space reconstruction.
Appendix B. Supplementary material
Supplementary material related to this article can be found on-
line at http://dx.doi.org/10.1016/j.epsl.2014.03.032.
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